Objective: To determine the correspondence of in vivo quantitative estimates of brain uptake of fluorine 18-labeled flutemetamol with immunohistochemical estimates of amyloid levels in patients who underwent previous biopsy.
tio, a ratio of mean target cortex activity divided by that in a cerebellar reference region) were made at a location contralateral to the biopsy site and compared with estimates of amyloid load based on immunohistochemical and histological staining.
Results: There was complete agreement between visual reads of 18 F-flutemetamol PET scans (3 blinded readers with majority rule) and histology. A regression model, including time from biopsy as a covariate, demonstrated a significant relationship (P=.01) between 18 F-flutemetamol uptake and percentage of area of amyloid measured by a monoclonal antibody raised against amyloid (NAB228). Similar results were found with the amyloid-specific monoclonal antibody 4G8 and Thioflavin S.
Conclusion:
To our knowledge, these data are the first to demonstrate the concordance of 18 F-flutemetamol PET imaging with histopathology, supporting its sensitivity to detect amyloid and potential use in the study and detection of Alzheimer disease.
Arch Neurol. 2011; 68(11) :1398-1403. Published online July 11, 2011 July 11, . doi:10.1001 July 11, /archneurol.2011 T HE DEVELOPMENT OF MOlecular imaging techniques to visualize the pathology of Alzheimer disease (AD) in vivo represents a major achievement for the diagnosis and study of neurodegenerative conditions. In addition to a potential role in early and accurate diagnosis in clinical practice, molecular imaging is likely to play a critical role in drug development through cohort enrichment by increasing diagnostic confidence, clarification of drug mechanism and dosage, and assessment of biological effect. Over the last decade, several positron emission tomography (PET) radioligands have displayed affinity for fibrillar ␤-amyloid (A␤) aggregates, [1] [2] [3] [4] [5] one of the hallmark pathologic lesions of AD.
To date, carbon 11-labeled Pittsburgh Compound B ( 11 C-PiB) (2-[4-methylamino phenyl]-1, 3-benzothiazol-6-ol) is the most well studied of these PET amy-loid imaging ligands. 6 Pittsburgh Compound B is a neutral analog of Thioflavin T, an established histological stain for detecting A␤.
11 C-Pittsburgh Compound B has demonstrated success in discriminating patients with probable AD from healthy controls and predicting the likelihood of clinical progression in those with mild cognitive impairment to frank AD. 2, [7] [8] [9] [10] [11] [12] [13] Additionally, 11 C-PiB uptake inversely correlates with levels of A␤42 in the cerebrospinal fluid and A␤ aggregates in a limited number of postmortem and biopsy studies. [14] [15] [16] [17] [18] Despite the considerable promise of 11 C-PiB, its potential for widespread use is severely limited by the short half-life of 11 C (about 20 minutes), which requires on-site cyclotron production.
The radionuclide fluorine 18 has a longer half-life (about 110 minutes), allowing for shipment to scanning sites after production, and has been successfully used in other PET tracers (eg, fluorodeoxyglucose). Several 18 F-based amyloid PET imaging ligands with divergent structural properties from 11 C-PiB are at various stages of development, 1, 4, 5 including recent work demonstrating a high concordance between 18 F-florbetapir and postmortem histology. 19 Alternatively, the novel ligand 18 Fflutemetamol only differs from 11 C-PiB with regard to the radionuclide. Recent work has suggested that 18 Fflutemetamol demonstrates similar imaging findings in patients with probable AD and mild cognitive impairment relative to healthy controls and has a high correlation with 11 C-PiB when tested in the same patients. 20 However, histopathological confirmation of the in vivo findings of this compound are lacking. Normal pressure hydrocephalus (NPH) is a progressive condition associated with a classic triad of dementia, gait abnormalities, and urinary incontinence. Despite its apparent distinctiveness, this condition can be difficult to diagnose and the presence of AD pathology may alter response to ventricular shunting. Prior work has suggested that a significant proportion of patients with a presentation consistent with NPH demonstrate AD pathological lesions on biopsy specimen. 21, 22 Indeed, in a prior series, we found that approximately 68% of patients with NPH had evidence of AD pathology in a small cortical biopsy specimen obtained at the site of ventriculoperitoneal shunt placement 23 and that higher levels of AD pathology were associated with poorer response to the surgery. Thus, amyloid imaging may be of diagnostic and prognostic value in such patients. In the current study, we leveraged pathologic data available from these patients with NPH who underwent previous biopsy to assess concordance with in vivo 18 F-flutemetamol PET imaging.
METHODS

PARTICIPANTS
Patients were recruited from the Penn Memory Center who had undergone ventriculoperitoneal shunting with concomitant biopsy. The majority participated in a previously reported longitudinal study of the impact of AD pathology on clinical response to shunting. 23 In addition to a biopsy that was adequate for detection and quantification of A␤ pathology, inclusion criteria included age older than 50 years and general health appropriate for the study procedures. Patients were excluded if they had a contraindication to PET or magnetic resonance imaging, were pregnant or lactating, or had a known or suspected hypersensitivity or allergy to 18 F-flutemetamol or any of the excipients. Of 59 patients in our database with biopsy tissue available, 19 were ineligible (mostly owing to death). Seven patients agreed (33 declined) to enter the study and underwent PET scans obtained approximately 3 to 45 months after biopsy. The study was approved by the institutional review board at the University of Pennsylvania. All patients and their designated representatives signed informed consent prior to participation.
TISSUE ANALYSIS
An approximately 0.5-cm 3 piece of cortical tissue had been biopsied at the site of shunt entry in the right prefrontal cortex. Tissue was immersion fixed in neutral buffered formalin overnight, followed by paraffin embedding, sectioning, and staining with hematoxylin-eosin for standard neuropathological examination and immunohistochemistry for neurodegenerative disease pathology. For this study, 6-µm-thick sections were cut from paraffin blocks and processed for immunohistochemical labeling, as previously described, 24, 25 for A␤ plaques with NAB228, a monoclonal antibody raised against A␤1-11 synthetic peptide, 26 and 4G8, reactive to residues 17-24. 27 Adjacent sections were also histochemically stained with Thioflavin S.
All biopsy section slides were visually inspected for the microscopic presence or absence of A␤ plaques with the investigator (S.E.A.) masked to case identity. For sections in which A␤ plaques were present, the amount of A␤ plaque deposition was determined using semiautomated computer-assisted microscopic image acquisition and image analysis with methods adapted from those previously described. 28, 29 Briefly, highresolution, gray-scale photomontages of whole biopsy sections were acquired at ϫ100 original magnification via a Leica DMRB light microscope (Leica Microsystems, Buffalo Grove, Illinois) equipped with a Ludl MAC 2000 motorized stage (Ludl Electronic Products Ltd, Hawthorne, New York) and Retiga Exi/ QEi digital camera (QImaging, Surrey, British Columbia, Canada) driven by Image-Pro Plus software (Media Cybernetics Inc, Silver Springs, Maryland). Photomontages of the entire section were acquired, and all gray matter was circumscribed manually as the region of interest. To measure the abundance of A␤ plaque deposits, we applied histogrambased optical density thresholding to delineate those tissue elements exceeding background levels of immunoreactivity by more than 3 SDs above background, as well as a size and pixel contiguity threshold filter to delineate plaquelike profiles. The software calculated the total area of the plaques and expressed this as a percentage of the area of the entire selected region of interest.
MAGNETIC RESONANCE IMAGING AND PET IMAGE ACQUISITION
All patients underwent a magnetic resonance imaging scan on a 3T Siemens Trio whole-body scanner (Siemens, Erlangen, Germany) equipped with a product 8-channel array coil within 35 days of PET scanning. High-resolution structural images were acquired with a 3-dimensional magnetization-prepared rapid gradient-echo 30 sequence at 1-mm 3 isotropic resolution.
liquid chromatography. The radiopharmacist at the PET imaging site ensured that the correct activity was present in the injection syringe and that the product was used within the validity period. Subjects received 
F-FLUTEMETAMOL PET VISUAL IMAGE ANALYSIS
Blinded visual reads were performed by 3 trained raters, 2 nuclear physicians and a senior medical physicist, with experience reading amyloid scans to determine an abnormal or normal scan for increased 18 F-flutemetamol uptake. Readers worked independently and visually assessed the level of 18 F-flutemetamol uptake in cortical regions with reference to the level of uptake in the cerebellum. The review method was to locate a sagittal view plane along the longitudinal fissure and move a few millimeters from the center until the view plane encountered the medial gyri and sulci. Having completed one hemisphere, the opposite hemisphere was surveyed in the same manner. An axial review was then carried out working in the dorsal to ventral direction.
If readers found elevated cortical uptake in at least 1 region, with emphasis on frontal/anterior cinguli, posterior cinguli/ precuneus, and lateral temporal regions, the image would be rated as abnormal. Otherwise the image was rated as normal. In cases of disagreement, assignment was based on the majority verdict.
F-FLUTEMETAMOL PET QUANTITATIVE IMAGE ANALYSIS
From the dynamic PET data, a 30-minute summed PET image was derived. The reconstruction method was a 3-dimensional row-action maximum likelihood algorithm, giving an approximate spatial resolution of 6 mm. The blinded visual assess- VOIs) . Two types of target VOIs were determined in the following manner: (1) a hollow VOI surrounding the excised tissue area (representing the most adjacent sampling achievable) and (2) a VOI sampling the same anatomical region on the contralateral side. Use of a contralateral site is based on prior work demonstrating only small differences in PiB uptake for symmetrically placed VOIs in the left and right frontal cortices.
31 Figure 1 shows the location of the biopsy in a 18 F-flutemetamol multiplanar reconstruction view. A composite VOI was also calculated as the mean of several anatomic regions typically associated with significant amyloid plaque burden in AD (ie, frontal cortex, anterior cingulate gyrus, posterior cingulate gyrus/precuneus, lateral-temporal cortex, and parietal cortex), as previously described. 20 Standardized uptake value ratios (SUVRs), defined as SUV VOI /SUV REF with SUV being the integrated activity over a given period per unit of injected dose and body weight, were calculated for the VOIs. The reference region used for this study was the cerebellar cortex. The pons was also used as a reference region to explore if the SUVR vs the percentage of area comparisons would show a higher degree of correlation. No significant improvement was observed and, as a result, these data were not included.
STATISTICAL ANALYSIS
To determine the relationship between 18 F-flutemetamol uptake and amyloid plaque burden on biopsy, both dichotomous (presence or absence) and continuous variable statistics were used. A qualitative read of scans classified them as abnormal or normal and the microscopic inspection of tissue sections classified them as normal (no A␤ plaques) or abnormal (A␤ plaques present). For continuous variable analyses, regression models included percentage of area of A␤ plaque as the dependent variable while the PET SUVR measure for the VOI was the independent variable. A covariate for the interval from biopsy to PET scan was included. All statistics were performed with SAS version 9.2 (IBM SAS, Chicago, Illinois) and were prespecified in the study protocol statistical analysis plan. Table. Four patients displayed evidence of amyloid plaque pathology based on NAB228 and 4G8 immunohistochemical and Thioflavin S histological staining (Figure 2) . Corresponding 18 F-flutemetamol PET scans are also displayed. There was high concordance for the visual reads across the 3 raters, with disagreement on only 1 scan (this scan was rated as abnormal by 2 of the 3 raters). By majority verdict, 4 of 7 scans were considered abnormal. In each of these cases, the biopsy tissue contained amyloid plaque pathology. The 3 normal 1 8 Fflutemetamol scans were all in patients without evidence of A␤ plaque pathology.
RESULTS
Demographic data are presented in the
The regression model for NAB228 was statistically significant (F = 10.1; P Ͻ .05; R 2 = 0.83; ␤ = 0.63; 95% confidence interval, 0.24-1.02), and there was no apparent modulating influence of the interval from biopsy to the PET scan (P Ͼ .21). The relationship between these measures can be seen in Single doses of 18 F-flutemetamol were well tolerated. Five subjects (71.4%) experienced a total of 8 adverse events. The majority of the adverse events reported were mild in intensity. Six (in 4 subjects) were considered to be possibly related or related to 18 F-flutemetamol injection. The most frequently reported adverse event was increased blood pressure (5 subjects [71.4%] with 5 adverse events). The remaining 3 adverse events (dizziness, blood glucose level decreased, and flushing) all occurred in 1 subject. The mild to moderate increases of blood pressure observed in 3 subjects resolved without treatment and were considered related to the administration of 18 F-flutemetamol injection. No deaths, serious adverse events, or withdrawals due to adverse events occurred during the study. No clinically significant abnormalities were noted in clinical laboratory results. There were no clinically significant changes in electrocardiograph results.
COMMENT
To our knowledge, the present data represent the first study to compare the novel in vivo amyloid imaging ligand 18 F-flutemetamol with in vivo histopathological evidence of AD-related amyloid pathology. Despite vari- Figure 2. Representative NAB228-stained tissue is displayed for each of the 7 patients in this study. Above each is an axial image of the corresponding fluorine 18-labeled flutemetamol positron emission tomography scan. Scans from patients 1, 2, 4, and 5 were classified as abnormal by the independent readers, while scans from patients 3, 6, and 7 were classified as normal. These designations corresponded to ratings of the pathology. Color-scale reference represents zero to maximum activity concentration (megabecquerel per milliliter) in each image. The scale bars in the photomicrographs are 200 µm. ability in the delay from biopsy to PET scanning, there was a remarkable correspondence of 18 F-flutemetamol uptake and quantitative measures of amyloid pathology based on immunohistochemical and histological estimates. Additionally, masked visual assessments of these scans were consonant with the histopathology results. These findings are supportive of the potential role of 18 Fflutemetamol PET imaging in the detection of fibrillar A␤ plaques. As with 11 C-PiB, binding is expected to be more prominent to neuritic than diffuse plaques. 16 The current results are consistent with the still relatively limited, but accruing, histopathological data for 11 CPiB PET imaging. [14] [15] [16] [17] 32, 33 For example, Ikonomovic and colleagues 16 reported regional correlations between in vivo 11 CPiB uptake and quantitative measures of A␤ pathology in a patient who had autopsy performed 10 months after PET imaging. Of most direct relevance to this report is a study in which right frontal cortical biopsy specimens were obtained in 10 patients being evaluated for suspected NPH with intracranial pressure monitoring. 17 Patients underwent C-PiB result was recently reported in a patient whose scan was performed 2 1 ⁄2 years prior to autopsy. 33 The explanation for these normal scans in the context of A␤ pathology remains unclear, but one potential explanation is that conformational variants of the secondary or tertiary structure of A␤ may influence PiB binding. Prolonged timing between imaging and autopsy may also contribute because of possible disease progression. 34 To date, there have been no reports of false-positive 11 C-PiB results based on histopathology.
Similar to this work with 11 C-PiB, 18 F-flutemetamol uptake also showed a strong association with quantitative measures of amyloid burden. This was the case for both a region surrounding the right frontal biopsy site and an analogous VOI in the contralateral hemisphere, consistent with the view that there generally is little asymmetry in amyloid pathology. 31 These correlations are perhaps somewhat surprising given the substantial delay in the time from biopsy to the PET scan in several cases. However, this result is commensurate with the relatively slow change in amyloid levels that has been observed in prior 11 C-PiB PET longitudinal studies. [35] [36] [37] Possibly of greatest relevance to potential clinical applicability of 18 F-flutemetamol PET scans was the accuracy of clinical reads relative to the presence or absence of A␤ pathology on the biopsy specimens. Such dichotomous visual reads are likely the strategy that will be used in clinical practice, as with other imaging modalities.
Single doses of 18 F-flutemetamol were well tolerated in subjects with NPH. The mechanism and possible explanation of mild to moderate increases of blood pressure observed in 3 subjects, which resolved without treatment, is unknown and may be related to the patient reaction to study procedures (eg, intravenous catheter placement, blood draws).
The current study has a number of limitations. Sample size was modest. The small cortical biopsy specimen could have led to sampling error with presence of AD pathology in other brain regions despite an unremarkable biopsy result. Additionally, the delay between the time from biopsy to PET scanning may have been associated with some patients developing AD pathology during that interval. The latter 2 issues would seemingly have resulted in falsepositive scans relative to the biopsy findings, which would have presented interpretative difficulties. Nonetheless, there were no instances of such a result. As noted earlier, the lag between scan and biopsy also may have reduced the association between quantitative 18 F-flutemetamol uptake and biopsy-determined amyloid load, particularly given differences in this delay across subjects and the potential for different rates of accumulation.
These findings provide support for the use of 18 Fflutemetamol PET in the detection of AD-related amyloid pathology. As has been suggested by work with 11 C-PiB PET, this information may play an important prognostic role in patients with mild cognitive impairment and, perhaps, in preclinical populations. 10, 38, 39 With the potential emergence of disease-specific interventions for AD, biomarkers that provide molecular specificity will likely become of greater importance in the differential diagnosis of cognitive impairment in older adults. Furthermore, amyloid imaging may serve an important role in the development of such interventions by allowing for assessment of biological effect. 40 Finally, amyloid imaging agents such as 18 F-flutemetamol may be of particular relevance to the NPH population studied herein given evidence that the presence of AD pathology in patients with suspected NPH may be associated with a poorer outcome after ventricular shunt placement, which may impact decisions on treatment. 23 For example, an abnormal scan may lead to a clinical decision to avoid the expense and potential medical complications associated with shunt placement in a patient unlikely to obtain a significant benefit from the procedure. All of these potential roles for amyloid imaging agents will be greatly facilitated by the increased availability of 18 F PET radioligands. We acknowledge the staff of i3 Statprobe for biometric services, programming, and statistical analyses. We thank GE Healthcare study team members for operational support (Kim Mansfield, MS), project management (Gill Farrar, PhD), data management (Ginger Lewis, MBA), and medical writing assistance with the study report (Ann Tate, MS, and Chris Devine, BSc).
